This paper presents modelling aspects of a high fidelity finite element model of a motorcycle telescopic fork. For validation purpose, a series of impact tests of which a frontal impact load imposed on the individual fork by a rigid striker was conducted using factorial experiment approach. The model was then used to simulate all the impacts accordingly. The outcomes were evaluated in terms of permanent deformations of the fork, energy dissipated in the impact, and the velocity and displacement time histories of the striker. The overall performance and sensitivity of the model was also assessed using the factorial analysis. The deviations of time histories data were quantified by mean error, mean absolute error and root mean square error. The key responses of the fork were found to be successfully simulated and compared well to the test results. The computed largest value among the respective metrics over the total errors was 6.2% of which corresponding to the root mean square error of the displacement time histories data, whereas others were less than 3%. It is thus concluded that the fork model has been successfully validated and the modelling methods has been established. Recommendations for improvements were also given in the paper.
Introduction
The use of the computational model to simulate the motorcycle impacts can be traced back as early as 1970s [2, 18, 19, 20] where it was started with relatively simple single-and multi-mass multi-body (MB) models with single-point contact. Attributed to the advancement of computer technology both in hardware and coding, the computational methods and modelling techniques have evolved parallel to the technology and many motorcycle models for impact simulations with higher degree-offreedom and also with more complex contacts [5, 7, 11, 12, 34, 36, 37] were made practically possible. Further development has successfully produced hybrid multi-body finite element (MB-FE) [6, 8, 15, 17, 29, 30] and also more FE-oriented models [3, 4, 25, 26] . Comprehensive FE models of large touring bike have been developed for simulating the motorcycle to passenger car full crashes [27, 28] .
Despite the availability of the various complete models of motorcycles to simulate full-scale crashes, detailed computational representations of the fork assembly were hardly found in literatures. In the early stage of development, the fork assembly was typically represented by a simple rigid link. The springÀdamper system was then implemented in the model for a more realistic representation [12] . Considering that the nonlinearity in material strength of the root of the fork is important as it sustains large plastic deformation in collisions, a hybrid model incorporating a deformable steering stem and triple clamp joint has been developed [17] . In some other literatures such as [27, 28] , although FE-oriented model of a complete motorcycle was presented, there is neither highlight nor clear illustration for the front fork structure model, which to some extent might imply that the detail modelling of the fork assembly was not of main interest. However, in motorcycle frontal collisions of typically crashing into a passenger car, the fork assembly is expected to respond instantly due to its responsive design characteristics and together with the wheel, the fork structure receives major loads and often sustained severe deformation in the crashes. It is thus reasonable to anticipate that its response would affect the overall behaviour of the motorcycle and also the rider in the crashes and thus should be modelled in detail in order to produce accurate simulation. But in overall, literature survey had unveiled that the work in this particular area is hardly seen.
In view of this, the principal object of the present study is to establish the key modelling aspects in developing a high fidelity FE model of a typical motorcycle telescopic front fork assembly with full deformable capability. Subsequently this is also to provide a computational tool which can be used for parametric studies in motorcycle crash safety field, at both the component level and also the full-scale motorcycle level of crash simulations. This allows the utilisation of the advantage of the computational simulation model which allows the collision with varying conditions to be replicated in a time effective manner while scarifying the effects of possible environmental factors in physical experiment. A testing method was also developed for the purpose of model validation, in which the test scenario was simulated using the developed model and the performance between the computational model and the physical fork was compared. The model comprised the steering stem, triple clamp, fork sliders, fork tubes, fork springs, rebound springs, damper rods, pinch bolts and Allen bolts. The outcomes of qualitative and quantitative evaluations are presented and discussed, along with the deficiencies of the model. The simulations were performed using LS-DYNA explicit solver [21] .
Model description
The front fork unit of reference used in the present study is of an upright telescopic type which is the most common form that is commercially available nowadays. The arrangement of the key components of a typical telescopic fork assembly is illustrated in the cross-sectional details of Figure 1 . The corresponding FE model developed for these key components, as well as any connection and contact involved in the assembly will be described and presented in the following sections.
Steering stem and triple clamp
The steering stem goes through the central cylindrical slot of the triple clamp with a relatively tight fit and is welded to the bottom edge of the slot as shown in the bottom view of the triple clamp in Figure 2 . This is the only permanent joint between these two parts and there is no other form of connection in the slot between the contacting cylindrical surfaces of the two parts. Due to such design, this connection region is highly susceptible to the deformation under bending tests that tended to create an opening between the stem and the slot [35] . The observation from the tests dictates that it is crucial to preserve this specific connection feature during modelling in order to have a realistic and accurate representation in the simulation model instead of simplifying it as a one-piece structure. This required the use of relatively fine elements so that the tight fit of the joint can be realised by smooth contact surfaces pairing without penetration. A similar tight fit condition also occurred at each of the left and right ends of the triple clamp where the cylindrical shape brackets hold the individual fork tubes.
A dumb-bell specimen was machined from the stem for performing a typical tensile test and the stressÀstrain curve was extracted as input data. On the other hand, it is impractical to obtain a proper specimen from the triple clamp for the test due to its complex form and was estimated with reference to the associated manufacturing process and also literatures. For the one in the present study, it is made from carbon steel and a relatively wide parting line of about 5 mm resides on the surface suggesting that it is a forged part, as opposed to the 1À2 mm for a cast part. In the standard industrial practice, the forged triple clamp is commonly made of C20 carbon steel. The stressÀstrain curve of this material is available in [24] and was then used to define the material input data using MAT_PIECEWISE_ LINEAR_PLASTICITY.
Pinch bolt
The pinch bolts provide the preload and required strength to clamp the tubes firmly to the clamping brackets of the triple clamp. As the main concern of the present study is on the overall structural behaviour of the fork assembly instead of localised deformation at the screw thread portion, each bolt was thus represented by a simpler shellÀbeam system instead of solid meshes, as illustrated by the cutaway view shown in Figure 3 . The head and the body of the bolt are represented by the shell and the beam elements, respectively, and the threaded connection to the triple clamp is represented by rigid links. A residual pre-stress in the beam element was defined using the keyword INITIAL_STRESS_ BEAM, which is only applicable to HughesÀLiu beam elements with cross-section integration that based on the shell [14, 13] . A clamp load that based on a relevant standard, such as ISO Standard 15071 [16] , was used as the approximate value of the maximum initial stress inside the bolts. The bolt material was defined with MAT_PIECEWISE_LINEAR_PLASTICITY instead of a simple elastic model, MAT_ELASTIC. This is to allow for the simulation of any residual elongation of the bolt and also the permanent disengagement of the clamping bracket, which would likely occur under impact loading [35] .
Fork tube
The fork tube has a wall thickness of 3.5 mm and very often the meshing of such a thin wall structure is straightforward and intuitively done with shell elements. However, in the present modelling, the threaded joint between the plug and the tube was simplified by using a tying type contact with offset option, CONTACT_ TIED_SURFACE_TO_SURFACE_OFFSET. Such contact type imposed a maximum gap requirement between the two surfaces [21] . If the fork tube is represented with shell elements, the resulted gap became greater than the permissible distance and thus the fork tube was meshed with solid elements that composed of hexahedrons.
Detailed material data for the fork tube were unable to be obtained from the manufacturer, and a specimen is also impractical to be properly extracted due to its relatively thin structure yet curved surfaces. An inverse approach [1, 22] was therefore used where a simulation that is equivalent to a designed physical test was performed with initially assumed material data and the test output such as forces against time was then compared. The material data were then to be progressively finetuned until the reasonably matched output is obtained. For the fork tube constructed from a seamless steel tube, a tensile test option by pulling the whole tube is not viable because a sufficiently high clamping force is required in order to grip the tube firmly without slippage during the test. Localised deformation would be produced at the grip region and lead to erroneous outcomes. A much simpler three-point bending test using a universal testing machine whereby no gripping is required but with the specimen simply rested on an anvil was therefore used. The loading rate was set to 1 mm/min for 15 mm. The result of the test in terms of the reaction force (F)À displacement (d) of anvil is presented in Figure 4 as a dashed-line curve.
Typical materials used to fabricate the seamless tubes as stated in the standards such as JIS G3445, ASTM A519, DIN EN 10305-1 are steel of grades St35, St45 and St52, which corresponded to 0.17%, 0.21% and 0.22% of carbon contents [9] , but the detailed data were hardly found in literatures. By using the Hollomon's power law material model, i.e. s D Ke n (s is the stress in the material, e is the plastic strain, K is the strength index and n is the hardening index), Sadlowska and Kocanda [33] described the material of the tube to be made of St35 for axial direction with the relation s D 724e 0.12 . Based on this relation, an initial simulation of the three-point bending test was conducted with the material model MAT_POWER_LAW_PLASTICITY defined for the tube and the result in terms of FÀd is presented in Figure 4 as a solid-line curve of K D 724 and n D 0.12. Apparently, the simulation outcome is significantly unmatchable to the physical test and so the material property. Subsequent simulations repeated by simply scaling the values of K and n would also not change the general pattern of the FÀd curve to get closer to that of the physical test. This suggested that the material model selected is not suitable. Another simulation was then performed using MAT_PIECEWISE_LINEAR_PLAS-TICITY with the input material data close to the St45 and St52 steel, i.e. a typical 0.2% C carbon steel, obtained from the stressÀstrain handbook [24] and the resulted FÀd curve is presented in Figure 4 as a dotted line. Again, it can be seen that the material properties are significantly unmatchable to the test results. The modification by scaling up stress values of the original curve also did not tend to improve the results. A more comprehensive fine-tuning approach was then performed by modifying the key points of the stressÀstrain curve, including yield point, points in initial hardening region and ultimate tensile strength. The process started with the simplest bilinear curve and necessary points were then progressively added to yield a multi-linear curve. The resulted forceÀdisplacement curve of the simulation for the final fine-tuned material data is presented along with the physical test results in Figure 5 , showing a very close agreement between the two. The overall deformation of the fork tube in the simulation at the end of the test was also comparable to its physical counterpart, as depicted in Figure 6 . It is seen that the fork tube sustained the global bending accompanied by localised indentation at the region in contact with the top anvil. Both the qualitative and quantitative evaluations on the response of the fork tube showed that the test was successfully duplicated in the simulation, thus suggesting that the material data were reasonably predicted and could be used as material input data for the fork tube model. As it had been found that the fork tube sustained major deflection in the impact test, acquiring the accurate material data of the tube is crucial in determining the quality of the final fork model.
Fork leg
The physical gap between the outer surface of the tube and the inner surface of the fork leg is about 0.25 mm only, dictating that the meshing of the fork legs has to be done with relatively fine elements for the whole span of the inner surface of the fork legs. This is vital to avoid any initial penetration and also to minimise unrealistic contact forces or stresses that could be developed due to the rough and rugged surfaces during the sliding motions. Examination performed on the fork assembly specimens from the earlier work [35] found that the fork legs experienced no significant deformation under quasi-static bending and frontal impact load. Hence they were modelled with simple material model, MAT_E-LASTIC, with typical properties of aluminium alloy. 
Damper rod and Allen bolt
In the initial stage, it was intended to model the assembly of the fork tube and fork slider by only a simple insertion, directly connected by a spring with stiffness equivalent to the total forkÀrebound spring system, as depicted in Figure 7 . Such representation significantly simplifies the modelling as it eliminates the need to incorporate the damper rods ( Figure 1 ) that sustain no significant deformation [35] . However, further consideration and trial simulation results revealed that such simplification was inappropriate because the interactions between the damper rod, fork tube and also the fork spring and rebound spring were unable to be simulated. The interactions of these components are crucial to impose the proper working of the return stroke mechanism and also the realistic relative motion and constraint between the fork tube and the fork slider. Also, without such interactions, the situation would become even worse if the impact load involved is sufficiently large because the fork tube could totally slid out from the fork slider during the return stroke. So finally the damper rod and Allen bolt were included and were modelled as a rigid part with typical steel properties.
Spring and damping element
The springs and damping elements were modelled using two-node discrete elements. The stiffness of the individual fork and rebound springs was determined experimentally while the damping coefficients value was derived from the manufacturer's specifications. The rebound spring with a constant stiffness is defined with the material model MAT_SPRING_ELASTIC, whereas to account for the dual rates of the fork spring and damping elements, the material models MAT_SPRING_NONLINEAR_ELASTIC and MAT_ DAMPER_NONLINEAR_VISCOUS were defined respectively.
Contact treatment
The contacts defined in the present modelling are summarised in Table 1 (the keyword CONTACT was exempted for simplicity). The words NODES and SUR-FACE refer to the corresponding nodes and surfaces that were defined to be in contact. As the word itself implies, TIED refers to the tying of the two parts such that the nodes of one part are constrained to move with the surface of another part. The term AUTOMATIC refers to the automatic control of orientation of the surfaces defined to detect penetration. The term SINGLE refers to a surface defined by grouping all the desired contacting surfaces, be it in the same or different parts, such that the contact between all these surfaces is to be modelled by a single contact definition instead of repeating for every pair.
In the model setting, from the top end of the steering stem down to the bottom portion, the first contact encountered is between the stem and the centre slot of the triple clamp. This was treated by surface-to-surface contact, SURFACE_TO_SURFACE. Further down to the extreme end, they are welded together at their circumference edges. From the earlier experimental work [35] , it was found that the welding region was still intact after impact, therefore only a simple contact, TIED_NO-DES_TO_SURFACE, was defined for the joint. Towards the lateral ends of the triple clamp there are the brackets where the respective fork tubes are inserted into and held by a steel plug via a threaded joint. Three contacts were defined for this subassembly: Figure 7 . An over-simplified system without damper rod in the fork assembly. SURFACE_TO_SURFACE between the triple clamp and the fork tube, and also the triple clamp and the steel plug head; TIED_SURFACE_TO_SURFACE for tying the fork tube to the steel plug body. The fork tubes are also clamped by the bracket through the load exerted by the pinch bolts. The pinch bolt head, once assembled, is always in contact and moves together with the bracket surface and the contact is defined by TIED_SURFACE_-TO_SURFACE instead of a normal surface contact. Following through the fork tube down to its bottom end, several contacts were encountered. On the outside, more than half of its span, including the extreme bottom end surface, it is having contact with the fork slider while on the inside in contact with the damper rod. Then further down, the bottom end surface of the damper rod is held tightly by the Allen bolt to an inner bottom surface of the fork slider, while the Allen bolt is in turn anchored at the outside bottom surface of the fork slider. For nonconnected contacts involving several parts of this subassembly, they were treated by an automatic single surface contact, AUTOMATIC_SINGLE_SURFACE, where the fork tube, fork slider, damper rod and Allen bolt were defined as a single slave part set. The threaded joint between the Allen bolt and the damper was represented with TIED_SURFACE_TO_SURFACE. The complete model of the fork assembly is presented in Figure 8 , with partially cutaway view shown.
Frontal impact tests
The developed FE model was used to simulate some impact tests whereby the individual forks were struck from the front by a rigid striker that was guided by a heavy duty pendulum arm as depicted in Figure 9 . As the fork sliders are made of aluminium alloy which is relatively brittle and susceptible to fracture, they were prevented from having direct contact with the striker by installing a customised steel solid block that fitted in between the pair of the fork sliders as illustrated in the lower right of the schematic diagram in Figure 9 . The fixture to hold the stem of the fork was designed with flexibility to accommodate forks of different motorcycle models so that the same test method can also be applied for results comparison. The behaviour of the fork assembly during the impact was recorded using a high speed camera capturing at the rate of 500 frames per second.
The design of experiments approach was used to implement the impact tests. As the impact energy is equivalent to the kinetic energy generated from the swinging pendulum, the horizontal impact velocity (S) and the effective impact mass (M) were directly selected as the design factors. The impact velocity is the velocity of the striker right before it contacted the solid block, while the effective impact mass is the translational mass which is equivalent to the corresponding total mass of pendulum that travels at the associated impact speed. The factorial design 2 2 [23] was employed and the level values corresponding to each factor are summarised in Table 2 . The 2 2 design gives four different factor combinations that yielded four levels of impact energies namely S¡M¡, S-MC, SCM¡ and SCMC. The notation convention follows the one common in factorial experimental design whereby the letter corresponding to the factor notation, or combination of these letters, is used to denote a configuration. The presence of the plus or minus sign dictates the level of the corresponding factor. For example, for the configuration of S-MC, the impact test is to be run with S at low (4.6 m s
¡1
) and M at high (130.4 kg) level. With two replicates there were a total of eight test runs.
The post-impact permanent angular deflection (denoted as u d for experimental and u 0 d for simulation) sustained by the fork assembly after the impact was measured and used as the response variable. As depicted in Figure 10 , such angular deflection takes into consideration both the deflections at the stemÀtriple clamp joint and the bending of the tube and is given by
The energy dissipated in each of the impacts was also computed, which is given as
where I is the mass moment of inertia of the pendulum, v i is the impact velocity of the striker, v r is the rebound velocity of the striker and r is the length of the pendulum arm.
Model validation
The accuracy and validity of the impact test simulations were evaluated both qualitatively and quantitatively. The qualitative evaluation compared the overall post-impact conditions of the individual fork assemblies. The key deformations occurred at the joint regions of the triple clamp, i.e. at both the right and left end slots where the individual fork tubes are clamped and also at the centre slot where the stem is inserted. This is illustrated in Figure 11 by the sample of the post-impact fork in the SCMC test. For the other forks under the lower impact intensity, the opening is lesser and not significant especially in the S-M-test. The centre slots were enlarged after the impact due to the yielding of the thin wall portion of the slot as depicted in Figure 12 . It is reasonable to anticipate that the clamping force on the fork tube that was exerted by the brackets via the pinch bolt would affect the respective deformations of these three joints, as the load would be transferred to the joint region of the centre slot and yielded larger opening if the brackets were not deformable and vice versa. Thus the pinch bolt, especially its material properties, needs to be modelled properly. From the observation, it was found that the simulations were able to duplicate these key deformation characteristics of the fork in the tests. The radial distance of the opening gap at the centre slot was measured as shown in Figure 12 . The conditions of the fork assembly from both the experimental and simulation at the time of maximum engagement and final state are presented in Figure 13 . The opening gap of the centre slot, together with the maximum angular Figure 10 . Definition of (a) initial inclination u i and (b) final inclination u f .
deflection and the permanent angular deflection, was used to quantify the deformations and both the impact tests and simulation outcomes are tabulated as in Table 3 . The columns labelled with 1 and 2 were the results of two replicates. The overall simulation outcomes were consistent with those of physical tests despite some deviations. The maximum engagement in the simulations were closely matched with the corresponding experimental values. The retraction and return stroke of the fork during the impact were also found to be consistent by comparing the simulation playback to the fast speed camera film and the timing of the impact reaching maximum engagement was also closely matched. The final angular deflections sustained by the fork assembly in the simulations were decreased as the impact intensity increased. This indicated that the spring back was higher in the simulations, implying the lack of accurate representation of the material input data in the model, which was associated with the triple clamp that based on the estimation from literatures as discussed in the earlier section. However, the deviations are considered not significant. This can also be seen from the energy dissipated in the impacts as presented in Table 4 , which shows the largest deviation of as small as only 6.2%. Due to the lacking of an extensive instrumentation system, comprehensive velocity and displacement time histories data were not available directly but extracted from the high speed camera clips at an interval of 2 ms. The striker velocity and displacement data for each test configuration of the experimental and simulation are plotted in the same graph for comparison, as presented in Figures 14 and 15 , respectively, while the quantification of the associated errors is tabulated in Table 5 . The metrics of mean error (ME), mean absolute error (MAE) and root mean squared error (RMSE) are given respectively as ME D 1 n
where e i is the difference between the data at each time step. It can be observed that in overall the striker Figure 11 . The top view of the general condition of one of the impacted fork assembly. velocities and displacements are closely consistent with the experimental data. The computed largest value among the respective metrics over the total errors was 6.2% of which corresponding to the RMSE of the displacement time histories data, whereas others were less than 3%. During the leaving phase, the striker velocity tended to be smaller compared to the experimental. The discrepancy is mainly caused by the tendency of the striker, which is attached to a pendulum arm, to return to the equivalent position, i.e. the free hanging position, while in the simulation there was no such effect as it was simply represented with a rigid block having the equivalent mass.
To examine the overall validity and sensitivity of the developed model, the resulted main and interaction effects plots produced from factorial analyses of the experimental and simulation impact test outcomes with the permanent angular deflection as the response variable were compared. As shown in Figure 16 , in overall the main and interaction effects that based on the simulation outcomes were in good consistency with the experimental one, especially the interaction effect plot which shows a very similar trend. The maximum deviation is about -3 towards the high levels of the factor S and M, i.e. the simulation model tended to underestimate the value of the deflection as the impact energy goes higher.
Discussions
The successfulness of the model in duplicating the factorial experiment not only shows that the model is validated but also demonstrated its capability for performing parametric studies. Incorporation of the various constituent parts of the fork in the modelling provides the model with full functional capability of a suspension. In reality, the responsive characteristic of the suspension causes the fork to retract instantly as it bends upon receiving frontal impact. With the close connection between the wheel and chassis formed via the fork, immediate retraction and bending of the fork would alter the overall geometry of the motorcycle significantly during the frontal crashes, which were observed during the sudden diving of the front end. Besides, in the frontal crashes, significant interaction occurred between the front wheel and the engine block as the fork bent rearwards [10] , which indicates that the deformation mechanism of the wheel would be affected by the behaviour of the fork. The full deformable fork model would allow such interactions to be properly simulated. Indeed, it has been found that the way the front fork being modelled would affect the wheel interaction with the passenger car and also the coupling between the front fork bending and forward movement of the headstock, which in turn affected the kinematics of the rider and motorcycle, respectively [30] . In other studies [17, 32] , it has also been emphasised the importance of proper modelling of the bending and compression characteristics of the front fork structure. The current model has thus shown the advantage over the deformationÀforce model in simulating the crash response of the fork with more realistic behaviours. The lack of the model details in these aspects would limit the effectiveness of utilising the simulation in the practical design improvements of motorcycle safety features. As the fork shares the common design features, the current model can thus be used for other motorcycle models to perform crash simulations for crashworthiness studies. The current fork model has not incorporated any failure criteria, such as the breaking of the damper house due to torsional load at an impact speed of 59.5 km/h in a frontal crash with a rigid barrier [30] . Nevertheless, most of the real-world crashes are with a passenger car which is deformable instead of rigid. It was rarely reported in the data collected from real-world crashes [31] . Thus, excluding the failure criteria has only minimal limitation to the model in crash simulations, while not imposing undesired complexity in the modelling.
Conclusion
A fully deformable FE model of a motorcycle front telescopic fork assembly with full functional capability was developed and has been validated against front impact test at different impact energy levels. The equivalent impact tests were successfully simulated and the qualitative and quantitative comparisons show that the outcomes were comparable and consistent with the experimental data. It has been found that the material properties of the fork tube and triple clamp particularly influence the accuracy of the fork model. In the case where obtaining material properties was complicated by the difficulty of obtaining a proper specimen for performing standard material test, a method based on inverse approach can be effectively used to estimate the required material input data, provided that the geometry of the component is relatively simple. The model can be further improved to reduce the discrepancies by having more accurate material input data for the triple clamp as the slot and the brackets are the key deformations of the fork. However, a properly designed methodology is highly needed in carrying out the associated tests.
